Mutations in leucine-rich repeat kinase 2 (LRRK2) are associated with increased risk for developing Parkinson's disease (PD). Previously, we found that LRRK2 G2019S mutation carriers have increased mitochondrial DNA (mtDNA) damage and after zinc finger nuclease-mediated gene mutation correction, mtDNA damage was no longer detectable. While the mtDNA damage phenotype can be unambiguously attributed to the LRRK2 G2019S mutation, the underlying mechanism(s) is unknown. Here, we examine the role of LRRK2 kinase function in LRRK2 G2019S-mediated mtDNA damage, using both genetic and pharmacological approaches in cultured neurons and PD patient-derived cells. Expression of LRRK2 G2019S induced mtDNA damage in primary rat midbrain neurons, but not in cortical neuronal cultures. In contrast, the expression of LRRK2 wild type or LRRK2 D1994A mutant (kinase dead) had no effect on mtDNA damage in either midbrain or cortical neuronal cultures. In addition, human LRRK2 G2019S patient-derived lymphoblastoid cell lines (LCL) demonstrated increased mtDNA damage relative to age-matched controls. Importantly, treatment of LRRK2 G2019S expressing midbrain neurons or patient-derived LRRK2 G2019S LCLs with the LRRK2 kinase inhibitor GNE-7915, either prevented or restored mtDNA damage to control levels. These findings support the hypothesis that LRRK2 G2019S-induced mtDNA damage is LRRK2 kinase activity dependent, uncovering a novel pathological role for this kinase. Blocking or reversing mtDNA damage via LRRK2 kinase inhibition or other therapeutic approaches may be useful to slow PD-associated pathology.
Introduction
Parkinson's disease (PD) is the most common neurodegenerative movement disorder and over ten million people worldwide are living with PD. Most PD cases are sporadic and only 10% of PD patients report a family history. Of those, mutations or risk factors can be identified in up to 50% (1) . The most common cause of inherited PD is autosomal dominant mutations in leucine-rich repeat kinase 2 (LRRK2). Most pathogenic mutations are located in the LRRK2 kinase or GTPase domain. Though both the normal and pathological functions of LRRK2 are unknown, current evidence supports a role for LRRK2 kinase activity in the pathogenesis of PD (2, 3) . The NM_198578.3 (LRRK2): c.6055 G > A (p.Gly2019Ser) mutation in the kinase domain leads to an increase in catalytic activity by about three fold and is thought to underlie its neurotoxic effect (4) (5) (6) . Consequently, great efforts have focused on the development of potent and selective inhibitors of LRRK2 kinase activity (7) (8) (9) (10) (11) . Treatment with LRRK2 kinase inhibitors both in vitro and in vivo (12) (13) (14) have demonstrated an ability to mitigate toxicity and neurodegeneration, with unclear off-target effects (15, 16) . However, the mechanism(s) of action or specific targets by which LRRK2 inhibitors provide therapeutic benefit are unknown.
There is accumulating evidence for neurological syndromes that are caused by a DNA repair deficiency (17) . Just recently, a newly identified human neurodegenerative disease, that presented with ocular motor apraxia, axonal neuropathy and progressive cerebellar ataxia, was due to a mutation in singlestrand break repair (18) . This highlights that functional DNA repair pathways are crucial for the maintenance of neural homeostasis. How DNA damage and repair defects lead to degeneration is a complex question and one that requires much effort in future studies (19) . However, the significance of unrepaired neuronal mitochondrial DNA (mtDNA) damage in the pathogenesis of age-related diseases is largely unexplored, but is emerging as playing a role in PD (20) (21) (22) .
Previously, we found that LRRK2 G2019S mutation carriers have increased mtDNA damage in human induced pluripotent stem cell (iPSC)-derived differentiated neuroprogenitor and neural cells (21) . Importantly, when the mutation is corrected with zinc finger nuclease-mediated gene editing, mtDNA damage is no longer detectable. Thus, the mtDNA damage phenotype can be unambiguously attributed to the LRRK2 G2019S mutation (21) , though its precise mechanism remains elusive. In the present study, we examine the role of LRRK2 kinase function in LRRK2 G2019S-mediated mtDNA damage, using both genetic and pharmacological approaches in cultured neurons and PD patient-derived cells. Our results suggest that aberrant LRRK2 kinase activity is a critical underlying mechanism in the accumulation of LRRK2 G2019S induced-mtDNA damage.
Results

New LRRK2 G2019S in vitro primary neuronal model
Though many LRRK2 cell line models exist, the regulation of PD phenotypes, particularly mitochondrial, may be neuron-specific (23) . In order to better understand the normal and pathological functions of LRRK2 that may underlie the mechanisms of LRRK2 G2019S-mediated mtDNA damage, we developed a new in vitro model. Primary midbrain neuronal cultures from E17 Sprague Dawley rats were virally transduced with green fluorescence protein (GFP) fused to the C-terminus of full-length human wild-type LRRK2, LRRK2 G2019S (increased kinase activity mutant), or LRRK2 D1994A (kinase dead) mutant using the BacMam gene delivery system based on a modified insect cell baculovirus. The BacMam system was chosen due to the reproducible and consistent transduction and transgene expression of the large LRRK2 target (24) .
To validate our LRRK2 primary neuronal model, we confirmed the expression of full-length LRRK2 by performing western blotting using an anti-pan LRRK2 antibody. Primary midbrain neuronal cultures expressing either LRRK2 wild type, LRRK2 G2019S or LRRK2 D1994A mutant each had a similar fivefold increase in LRRK2 expression relative to GFP-expressing cultures ( Fig. 1A and B) . Since the anti-pan LRRK2 antibody recognizes both the human and rat LRRK2 protein, we performed quantitative RT-PCR to assess the effect of BacMam viral transduction on human and rat LRRK2 transcripts. Similar to the western blot results, qRT-PCR revealed similar transcript levels of human LRRK2 in primary midbrain neuronal cultures expressing either LRRK2 G2019S or LRRK2 D1994A when compared to LRRK2 wild type (Fig. 1C) . Endogenous levels of rat LRRK2 transcripts were unaffected by the transduction with human BacMam vectors (Fig. 1D) . Overall, the BacMam gene delivery system efficiently expressed similar levels of wild type and mutant variants of LRRK2, which allows direct comparisons of phenotypes.
Degeneration of neuronal processes occurs early in PD pathogenesis (25, 26) . Retracted or shortened neurites with overexpression of LRRK2 G201S9S in neurons have been reported by several groups (27, 28) . To determine if LRRK2-expressing neurons display neurite shortening in our model, LRRK2 wild type, LRRK2 G2019S or LRRK2 D1994A mutant were transduced into primary midbrain neurons for 24 h. Decreased neurite length was found in primary midbrain neuronal cultures expressing LRRK2 G2019S relative to GFP, LRRK2 wild type or the LRRK2 D1994A mutant (Fig. 1E) . Overexpression of LRRK2 wild type or LRRK2 D1994A did not induce neurite shortening (Fig. 1E) , consistent with previous work (29) . Transduction with LRRK2 wild type, LRRK2 G2019S or the LRRK2 D1994A mutant did not affect cell viability compared to GFP-expressing primary midbrain neurons (Fig. 1F) . Lastly, no difference in cellular viability was observed when GFP-expressing primary midbrain neuronal cultures were compared to nontransduced cultures (Supplementary Material, Fig. S1 ).
Complex I inhibition and decreased mitochondrial respiration are considered to be an important component to the pathogenesis of PD (30, 31) . We measured oxygen consumption rates (OCR) in primary neurons transduced with GFP, LRRK2 wild type, LRRK2 G2019S or LRRK2 D1994A mutant in response to oligomycin (inhibitor of ATP synthase), carbonyl cyanide 4-trifluoromethoxy phenylhydrazone, (FCCP, the proton ionophore) and rotenone combined with antimycin A (a mitochondrial complex I inhibitor and III inhibitor respectively). Consistent with previous published results (13), the basal OCR and ATPlinked respiration of primary neurons expressing LRRK2 G2019S was reduced compared to GFP-expressing cultures ( Fig. 2A-C) . The impact of overexpression of LRRK2 wild type or LRRK2 D1994A kinase inactivating mutant on mitochondrial respiration has not been investigated (14, 27) . LRRK2 wild type and GFP expressing neuronal cultures showed similar basal respiration and changes in OCR in response to oligomycin, FCCP, and rotenone and antimycin A ( Fig. 2A) . Remarkably, the LRRK2 D1994A kinase dead mutant showed decreased basal respiration and ATP-linked respiration relative to GFP-expressing cultures ( Fig.  2A-C) . While the mechanism for this observation is unclear and requires further investigation, the PD LRRK2 G2385R risk factor which causes a partial loss of kinase function, still interestingly correlates with PD cellular phenotypes (29, 32) . Nonetheless, we have developed a new in vitro primary neuronal model that recapitulates many of the alterations associated with the LRRK2 G2019S mutation (13, 33) .
Regionally selective LRRK2 G2019S-induced mtDNA damage
In order to test the effects of wild type or mutant LRRK2 on mtDNA damage levels, DNA was purified from primary midbrain neurons expressing GFP, LRRK2 wild type, LRRK2 G2019S or LRRK2 D1994A. To measure mtDNA damage, we used a quantitative polymerase chain reaction (PCR)-based assay that we have successfully applied to various different cell types (20) (21) (22) . Briefly, the assay involves amplification of a PCR fragment specific to the mitochondrial genome. Less PCR product will be produced when mtDNA damage or lesions block the ability of the DNA polymerase to replicate. Thus, mtDNA damage or mtDNA repair intermediates that slow down or impair DNA polymerase progression will be detected. If equal amounts of DNA are amplified under identical conditions, then PCR products can be compared from experimental and control conditions. We found that mtDNA damage was significantly increased in primary midbrain neurons expressing LRRK2 G2019S relative to GFP-expressing cultures (Fig. 3A) . In contrast to the LRRK2 G2019S mutant, mtDNA damage was not detected in LRRK2 wild type or LRRK2 D1994A mutant expressing neuronal cultures compared to GFP-expressing cultures (Fig. 3A) .
Since wild type or mutant LRRK2 might alter levels of mtDNA, we assayed for mtDNA copy number. Mitochondrial DNA copy number was similar across all viral transduction conditions (Fig. 3B) . Thus, the extent of mtDNA damage in wild type or mutant LRRK2 expressing midbrain neurons was not related to changes in mtDNA steady state levels. These data suggest that accumulating mtDNA damage depends on LRRK2 kinase activity and not LRRK2 levels.
We reported that in both rotenone PD rat models and human postmortem brain tissue that mtDNA damage specifically persists in midbrain neurons, but not in cortex (22) . To determine whether LRRK2 G2019S-induced mtDNA damage is similarly brain region specific, we assessed mtDNA damage in primary cortical neurons expressing either GFP, LRRK2 wild type, LRRK2 G2019S or LRRK2 D1994A. In contrast to midbrain neurons, mtDNA damage was not detected in LRKK2 G2019S compared to GFP, LRRK2 wild type, or LRRK2 D1994A expressing primary cortical neuronal cultures (Fig. 3C ). Mitochondrial DNA copy number was comparable in cortical neuronal cultures expressing GFP relative to LRRK2 wild type, LRRK2 G2019S and LRRK2 D1994A (Fig.  3D) . Lack of detectable mtDNA damage was not due to changes in cell death, as GFP, LRRK2 wild type, LRRK2 G2019S and LRRK2 D1994A cortical cultures had similar cell viability (Fig. 3E) . Interestingly, no differences in neurite length were detected when comparing GFP, LRRK2 wild type, LRRK2 G2019S and LRRK2 D1994A cortical cultures (Fig. 3F ). In conclusion, expression of Pharmacologically inhibiting LRRK2 kinase activity restores mtDNA damage to control levels in primary midbrain neuronal cultures
To further test whether LRRK2 G2019S-induced mtDNA damage is kinase dependent, we used an acute pharmacological inhibition approach by investigating the effects of the LRRK2 kinase inhibitor GNE-7915 on mtDNA damage (34) (35) (36) . We first used a pretreatment paradigm in which primary midbrain neuronal cultures were treated with vehicle or GNE-7915 for 24 h and then transduced with either GFP or LRRK2 G2019S for 24 h. After 48 h total of treatment, cell pellets were collected, DNA extracted and the mtDNA damage analysis performed. Pretreatment with GNE-7915 was able to prevent LRRK2 G2019S-induced mtDNA damage (Fig. 4A ). Mitochondrial DNA copy number was unaffected by treatments (Fig. 4B) . Importantly, treatment of GNE-7915 by itself did not alter mtDNA damage levels or copy number (Supplementary Material, Fig. S2 ). We also confirmed that treatment with GNE-7915 reduced levels of LRRK2 pSer935, as these sites may be modulated indirectly by LRRK2 kinase activity (37, 38) and dephosphorylation occurs with LRRK2 kinase inhibitor exposure (39, 40) (Supplementary Material, Fig. S3 ).
Primary midbrain neurons were then simultaneously transduced with either GFP or LRRK2 G2019S and treated with vehicle or GNE-7915 for 24 h. In this cotreatment paradigm, LRRK2 G2019S-induced mtDNA damage was abrogated (Fig. 4C) , while mtDNA copy number remained unaffected by treatments (Fig. 4D) .
Since we were able to confirm that both pretreatment and cotreatment with GNE-7915 prevents or abrogates mtDNA damage, we next treated with the LRRK2 kinase inhibitor after transduction with GFP or LRRK2 G2019S to examine whether mtDNA damage could be reversed. Primary neurons were transduced with GFP or LRRK2 G2019S for 18 h and then exposed to vehicle or GNE-7915 for 6 h. After 24 h total of treatment, cell pellets were collected, DNA extracted and the mtDNA damage analysis performed. Most strikingly, in this posttreatment paradigm, exposure to GNE-7915 was able to restore mtDNA damage to control levels (Fig. 4E ). Mitochondrial DNA copy number was unaffected by treatments (Fig. 4F) . Levels of mtDNA damage were confirmed to be increased in primary midbrain neuronal cultures expressing LRRK2 G2019S for 18 h relative to GFP-only expressing cultures (Supplementary Material, Fig. S4 ). Overall, these results not only implicate kinase activity as part of the LRRK2 G2019S-induced mtDNA damage underlying mechanism, but that mtDNA damage levels may be sensitive to clinically relevant therapeutic interventions.
PD patient-derived cells harboring the LRRK2 G2019S mutation display increased mtDNA damage and LRRK2 kinase inhibition restores mtDNA integrity to healthy control levels
To extend and validate our observations from our LRRK2 overexpression neuronal toxicity model and determine its wider applicability to human cells with endogenous LRRK2 levels, we used an acute pharmacological LRRK2 inhibition approach using PD patient-derived cells. We examined control and PD patient derived Epstein-Barr virus (EBV)-transformed lymphoblastoid cell lines (LCL); detailed demographic information can be found in (Table 1) . Levels of mtDNA damage were compared in LCLs from healthy controls and PD patient LRRK2 G2019S carriers. Mitochondrial DNA damage was increased in LRRK2 G2019S patient-derived LCLs compared to age-matched healthy controls (Fig. 5A ). Mitochondrial DNA copy number was not different between LRRK2 G2019S patient-derived LCLs compared to agematched healthy controls (Fig. 5B) . Increased mtDNA damage in LRRK2 G2019S patient-derived LCLs did not correlate with LRRK2 RNA (Supplementary Material, Fig. S5 ) or protein levels (Supplementary Material, Fig. S6 ). Furthermore, the accumulation of mtDNA damage was not associated with a concomitant increase in mtDNA deletions (Fig. 5C ).
Next, we tested whether culturing LCLs in the presence of a selective LRRK2 kinase inhibitor would affect mtDNA damage levels. Exposure of LRRK2 G2019S patient-derived LCLs to GNE-7915 restored mtDNA damage to control levels with 24 h of exposure (Fig. 6A) , without a change in mtDNA copy number ( Lastly, we investigated whether there is peripheral cell-type specificity for LRRK2 G201S-induced mtDNA damage in human derived cells. Fibroblasts obtained from LRRK2 G2019S mutation carriers, when challenged with stressors, demonstrate mitochondrial phenotypes (13, 41) . Therefore, we carried out experiments to determine if PD patient-derived fibroblasts harboring the LRRK2 G2019S mutation accumulate mtDNA damage. Fibroblasts were obtained from three PD patients carrying the heterozygous LRRK2 G2019S mutation and three age-matched healthy subjects (Table 2 ). No differences in mtDNA damage levels between healthy subjects and LRRK2 G2019S mutation carriers were detected in fibroblasts (Table 2 ). This is consistent with our previous findings in a single fibroblast cell line (21) . In addition, mtDNA copy number was similar across all fibroblast cell lines (Table 2 ).
Discussion
The mechanism by which increased LRRK2 kinase activity mediates PD-associated toxicity remains unclear. The objective of our study was to understand whether LRRK2 kinase function is playing a role in LRRK2 G2019S mediated mtDNA damage. Our data demonstrate that mtDNA damage is induced only by the PD-associated G2019S mutation in LRRK2, and not with wild type or kinase-dead LRRK2. The mtDNA damage phenotype can be functionally prevented or restored by pharmacological treatment with a LRRK2 kinase inhibitor in a LRRK2 neuronal model and PD patient-derived cells. These results revealed that aberrant kinase activity is likely playing a critical role in the underlying mechanism in mtDNA damage accumulation -and perhaps in the pathogenesis of PD. This new link between LRRK2 kinase activity and mtDNA damage have implications for the pathologic actions that underlie LRRK2 G2019S associated PD, as well as LRRK2 kinase based therapeutics.
The function of LRRK2 is likely to be pleiotropic in nature, shown to be involved in neurodegeneration and in more peripheral processes, including kidney and lung function, in rats and mice (15, 42) . Therefore, the role of the LRRK2 kinase in PD pathogenesis is presently unclear (43) . Towards identifying the function of LRRK2, a phosphoproteomics screen was undertaken and revealed Rab10 and other members of the Rab GTPase family to be direct substrates of LRRK2 (44) . While we discovered that LRRK2 G2019S induced mtDNA damage is LRRK2 kinase activity dependent, the specific signaling pathway responsible for this phenotype is undetermined. Membrane trafficking defects in PD via loss of function mutations in VPS35 lead to mitochondrial fragmentation and dysfunction (45) . Perhaps enhanced LRRK2 kinase activity and the resulting increased phosphorylation of Rab GTPases leads to intracellular trafficking defects that ultimately cause mitochondrial dysfunction and mtDNA damage. It will be important to fully explore the role of Rabs and other newly identified LRRK2 substrates in LRRK2 G2019S mediated mtDNA damage.
Given its potential central role in both genetic and idiopathic PD, LRRK2 is an attractive therapeutic target. Protection against LRRK2 or alpha-synuclein-induced pathology or toxicity has been shown by inhibition of LRRK2 kinase activity either pharmacologically or genetically (5, 6, 14, 28) . These results and others highlight the preventative or disease-modifying therapeutic potential of LRRK2 kinase inhibitors (7, 46) . Assuming these LRRK2 kinase inhibitors are deemed safe and efficacious and human trials are initiated, whether to include LRRK2 mutation carriers and/or idiopathic PD subjects in clinical trials is a matter of debate. Surprisingly, we found that LRRK2 kinase inhibition was able to abrogate mtDNA damage, regardless of the timing of exposure (i.e. prior to, concurrently with or post the presence of LRRK2 G2019S-induced mtDNA damage). Our results suggest that LRRK2 inhibitors could be administered to PD patients even after pathology is present and still reap a therapeutic benefit. What's more, it is tantalizing to entertain the idea that if asymptomatic LRRK2 G2019S mutation carriers were treated with LRRK2 kinase inhibitors, mtDNA could even be prevented. Furthermore, there is currently little known about the role of the LRRK2 kinase activity in idiopathic PD (3). In light of our previous observations of increased mtDNA damage in human idiopathic postmortem substantia nigra brain samples (22) , future studies may investigate whether mtDNA damage in nonfamilial PD is LRRK2 kinase dependent.
Mitochondrial DNA has been thought to be more susceptible to DNA damage than its nuclear DNA counterpart (47) . Mitochondrial DNA damage and mitochondrial mutations are distinct biochemical alterations, and whether the damage to mtDNA in PD leads to mtDNA mutations is unclear (30, 48) . We employed droplet digital PCR (dPCR) assays to investigate whether the increased mtDNA damage we observed with LRRK2 G2019S was also associated with an increase in mtDNA Figure 4 . Mitochondrial DNA damage in primary neurons expressing human LRRK2 G2019S exposed to a LRRK2 kinase inhibitor was prevented or reversed to normal levels. Primary midbrain neurons expressing either GFP or human LRRK2 G2019S were either (A) pre-treated, (B) co-treated or (C) post viral transduction treated with a very low dose of LRRK2 kinase inhibitor GNE-7915 (0.5 nM). (*P <0.05, determined by one-way ANOVA with a Tukey's posthoc comparison). Experiments were conducted with at least three biological replicates. The PCR-based assay was performed in technical triplicate (twice) for each biological replicate.
deletions. The dPCR approach we used has improved mtDNA deletion sensitivity relative to traditional semi-quantitative methods (49). We did not find that the burden of mtDNA damage due to LRRK2 G2019S was converted to a significant level of mtDNA deletions. However, our interpretation is only limited to mtDNA deletions and future investigations may evaluate mtDNA base substitutions. Our current results that mtDNA damage does not readily convert into mutations is consistent with a recent study that mtDNA is resistant to mutations even in the presence of high levels of mitochondrial adducts (50) .
One of the major questions that still remains in the PD field is the basis for the selective neuronal vulnerability in PD. Many studies have focused their attention on Lewy pathology as a driver of neuronal dysfunction and death. However, analysis of human post mortem brains revealed that while some LRRK2 G2019S carriers show Lewy pathology -not all do (51). This suggests, that Lewy pathology is not required for nigral degeneration in LRRK2-related PD. Other factors have been proposed to contribute to selective neuronal loss, including a role for Cav1 channels (52) . Here, we show that overexpression of LRRK2 G2019S only induces mtDNA damage in the vulnerable midbrain neuronal population and not in cortical neurons. This is reminiscent of our similar findings in rotenone models and human post-mortem brain tissue in which mtDNA damage accumulates selectively in nigral dopamine neurons in idiopathic PD (22) . Perhaps, the most salient question is why does mtDNA damage manifest in some cell types (primary midbrain neurons that overexpress LRRK2 G2019S, LRRK2 G2019S patient-derived LCLs, LRRK2 G2019S iPSC-derived differentiated neuroprogenitor and neural cells), but not others (undifferentiated iPSCs, fibroblasts or cortical neurons) (21)? The underlying mechanism for this vulnerability or resistance to LRRK2 G2019S mutation induced mtDNA damage is completely unknown. Possible contributing factors may be related to redox signaling (53), oxidative stress (30), dopamine metabolism (54), LRRK2 expression levels (15) or rab phosphorylation (44) and is an exciting new avenue for mechanistic exploration. We now have models in which to test pathways responsible for the preferential accumulation of mtDNA damage in different cell populations, which may lend insight into neuronal vulnerability in PD.
Measurement of LRRK2 dephosphorylation at constitutive phosphorylation sites has been the most widely used assay as a potential pharmacodynamic biomarker of LRRK2 kinase inhibition (38, 55) . However, these residues (LRRK2 Ser910, Ser935, Ser955 and Ser973) are not direct LRRK2 autophosphorylation sites and rather are regulated indirectly by LRRK2 kinase activity (37, 38) . Under conditions that reverse mtDNA damage, it is unclear and remains to be determined which autophosphorylation and/or other phosphorylation sites within LRRK2 are affected. Determining whether mtDNA damage restoration is a direct or indirect result of LRRK2 kinase activity will be important to further our understanding of the biological role of this kinase. Overall, we have discovered that the mtDNA damage phenotype following treatment with LRRK2 inhibitors may be a good candidate to measure target engagement, and future studies investigating its utility are warranted.
In summary, the findings from our study indicate that the mtDNA damage accumulation as a result of the LRRK2 G2019S mutation is kinase activity dependent. Furthermore, targeting mtDNA damage via LRRK2 kinase inhibition holds significant promise for treating PD.
Materials and Methods
Rat primary midbrain and cortical neuron cultures and transfections
Primary cultures were prepared following previously published protocols (22, 56, 57) with minor modifications. Ventral midbrain or cortical tissues were dissected from E17 Sprague Dawley rat brains. Pooled ventral midbrain or cortical tissues were dissected in L-15 medium: (Leibovitz's 1X medium (Invitrogen), and penicillinstreptomycin (200 units, Cellgro) and enzymatic digestion performed using trypsin (1X trypsin-ethylenediaminetetraacetic acid (EDTA) at 37 C for 20 min). Cell number was evaluated using the trypan blue assay and a hemocytometer. Cells were dissociated by mild mechanical trituration with a Pasteur pipette and seeded with a repeating pipette on circular coverslips (Fisher Scientific, 12-545-82) pre-coated with PDL (0.1 mg/ml) in 24-well culture plates at a density of 5 Â 10 5 cells/well (midbrain) or 1 Â 10 5 cells/well (cortical). Maintenance of the cultures took place at 37 C with 5% CO 2 /95% air. For the first 48 h, midbrain cultures were maintained in MEM (Life Technologies) containing 2% heat-inactivated fetal bovine serum (Cellgro), 2% heat-inactivated horse serum (Life Technologies), 1 g/L glucose (Sigma), 2 mM glutamax (Life Technologies), 1 mM sodium pyruvate (Cellgro), 100 lM nonessential amino acids (Cellgro), 50 U/ml penicillin and 50 lg/ml streptomycin (Corning). Of note, there are $ 5% tyrosine hydroxylase (TH) immunoreactive neurons in this culture system (56). The culture medium was then changed to 0.5 ml/well of fresh serumfree Neurobasal medium containing 2% B27 supplement (Life Technologies), 2 mM glutamax I (Life Technologies), 0.5 mg/ml albumax I (Life Technologies) and penicillin-streptomycin (Corning). Primary midbrain or cortical neuron cultures on DIV 7 were transduced for 18 h or 24 h with Green Fluorescence Protein (GFP) or human LRRK2-GFP fusions of wild type, G2019S
(increased kinase activity mutant) or D1994A (kinase dead) via BacMam technology (Life Technologies) which utilizes a modified insect cell baculovirus. Pilot studies determined optimal concentrations of each GFP or LRRK2 BacMam vector to be (1% v/v GFP, 10% v/v WT and G2019S, 5% v/v D1994A). LRRK2 lentiviral vector-mediated transduction with reagents available through the Leuven Viral Vector Core were not feasible due to transduction efficiencies < 1%.
Western blot analysis
Western blot analysis was performed on both primary midbrain neuronal cultures and lymphoblastoid cell lines (LCLs). Primary neuronal cultures were scraped using a Falcon cell scraper and collected in 1X sample buffer and protease inhibitor cocktail (Sigma-Aldrich), homogenized using a Misonix sonicator 3000 (intensity 2, three times), NuPAGEV R Sample loading dye and 
Cell viability
Primary midbrain or cortical neuron cultures were plated in 96-well culture plates at a density of 80, 000 cells/well pre-coated with PDL (0.1 mg/ml). The entire outer part of the plate (A and H plus 1 and 12) was not used to minimize edge effects. Cell viability was measured using the Live/Dead Viability Kit (Life Technologies). Fluorescence was measured at excitation of 485 nm and 530 nm emission using a SpectraMax Gemini (Molecular Devices). All values were averaged from at least 12 wells from three independent biological experiments.
Measurement of neurite outgrowth
Measurement of neurite outgrowth was performed using the Molecular ProbesV R Neurite Outgrowth Staining Kit following the live-cell straining protocol (ThermoFisher Scientific, A15001). Primary midbrain or cortical neuronal cultures were plated in 96-well culture plates at a density of 80, 000/well pre-coated with PDL (0.1 mg/ml). Fluorescence was measured at an excitation of 555 nm and 565 nm emission using a SpectraMax Gemini (Molecular Devices). All values were averaged from at least 12 wells from three independent biological experiments.
RNA isolation and quantitative real-time PCR
For primary neuron cultures, six 24-well coverslips were combined for each treatment analysis. Cells were trypsinized and centrifuged for three min at 1200 x g. Cells were then washed in cold 1X PBS, centrifuged for three min at 1200 x g. Cell pellets were stored at À80 C. RNA was extracted using the RNeasy Mini Kit (QIAGEN). 2 lg of total RNA were used for cDNA synthesis using the SABiosciences RT 2 First Strand Kit (Qiagen). Quantitative Real-Time PCR (QRT-PCR) was performed using the SYBR Green Master Mix (Applied Biosystems) and validated primers for human LRRK2, human GAPDH, rat LRRK2 and rat RPL19 (QIAGEN catalogue numbers respectively, PPH13710A, PPH00150F, PPR53908A and PPR43077A). A twostep real-time PCR reaction was performed starting at 95 C (10 min) for 1 cycle and followed by 95 C (15 s) and 60 C (1 min) for 40 cycles. Each sample was run in triplicate. Results were analyzed using the DDCt method.
Seahorse cellular respiration
Cellular oxygen consumption rate (OCR) was measured using the Seahorse XF96 (Seahorse Bioscience TM ) extracellular flux analyzer as described (22) (58) . Briefly, neuronal cells were probed with a rabbit anti-MAP2 (Millipore, 1: 1000). A Li-Cor IR-800 donkey anti-rabbit secondary was then applied at 1: 5000. The 96-well plate was scanned on a Li-Cor Odyssey imaging system (with care to avoid saturation) and infrared signal quantified using LiCor imaging software. The individual well respiration measurements were normalized by their respective MAP2 immunofluorescence intensity levels.
DNA isolation and quantification
DNA isolation and quantification was performed as previously described (20-22) using a high molecular weight genomic DNA purification kit according to the manufacturer's protocol (QIAGEN Genomic tip either 20/G or 100/G) and Quant-iT Picogreen dsDNA quantification. Following genomic DNA isolation, the purity and quality was assessed using a Nanodrop (ND-1000).
Quantifying mtDNA damage with a PCR-based assay
The PCR-based assay to calculate mitochondrial DNA lesion frequency was performed as previously described (20) (21) (22) with minor modifications. Reaction mixtures used KAPA Long Range HotStart DNA Polymerase (KAPABiosystems) in a 96-well platform. Primers used for human and rat short and long amplicons can be found in (59) . Each biological DNA sample was performed in triplicate on two independent days (for a total of 6 PCR reactions).
Healthy subject and patient-derived cells: fibroblasts and lymphoblastoid cell lines LRRK2 G2019S PD patient (n ¼ 6) and healthy subject control (n ¼ 6)-derived lymphoblastoid cell lines (LCL) were derived at the Parkinson's Institute or obtained from the NINDS Coriell biorepository (ID numbers are indicated in Table 1 ). There was not a statistical difference in the ages between the LRRK2 G2019S PD patient and healthy control subjects (P ¼ 0.5181). LCLs were cultured in RPMI-1640 (Sigma-Aldrich), 15% FBS (ThermoFisher) and 0.5% Penicillin/Streptomycin (Corning). LRRK2 G2019S PD patient (n ¼ 3) and healthy subject control (n ¼ 3)-derived fibroblast cell lines were derived from skin biopsies obtained at the Parkinson's Institute (60) and are described in Table 2 . Subjects gave informed consent to the study and the protocol was approved by local IRB and annually reviewed. Digital PCR method and primer-probe assays A primer: probe ratio of 3: 1 was used for all assays, except for the primer-limited form (ND1pl), which were used at 1: 1 for mtDNA quantitation. All primers and probes were from IDT (Coralville, Iowa). ND1 assay Probe: 5'-HEX/CCATCACCC/ZEN/TCTACATCACCGCCC/3IAB kFQ/-3' Primer 1: 5'-GAGCGATGGTGAGAGCTAAGGT-3' Primer 2: 5'-CCCTAAAACCCGCCACATCT-3' ND4 assay Probe: 5'-FAM/CCGACATCA/ZEN/TTACCGGGTTTTCCTCTTG/ 3IABkFQ/-3' Primer 1: 5'-ACAATCTGATGTTTTGGTTAAACTATATTT-3' Primer 2: 5'-CCATTCTCCTCCTATCCCTCAAC-3' DNA from control and LRRK2 G2019S patient-derived LCLs were used as templates for digital PCR (dPCR) analysis using multiplex ND4 and ND1 primer probes on the QuantStudio 3D Digital PCR System and with supplied reagents (Applied Biosystems, Waltham, MA) according to previously published protocols (49) .
Statistical analysis
The software GraphPad Prism was used for statistical computation. Data were analyzed by either Student two tailed, unpaired t-test or ANOVA with Tukey's post-hoc analysis and P < 0.05 was deemed significant. For all graphs, the bars represent mean 6 standard error of the mean (SEM).
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Supplementary Material is available at HMG online.
